Abstract: Aerial photographs have been widely used to monitor large-scale spatial changes taking place over long periods. In this study, the types and trajectories of landscape changes in Sabal Forest Reserve in the Malaysian state of Sarawak, Borneo over a period of 26 years were investigated using 1:25,000 scale aerial photographs and ground surveys. The aerial photographs showed typical land use features such as forest clearing, fallows, roads, power line easements and houses, all of which could be easily identified and mapped by stereoviewing. Further analysis revealed that logging activities, which started in the 1970s continued to increase through to the 1990s. In comparison, shifting cultivation began earlier and was seen to be widespread but was banned in Sabal by 1984, thus reflecting the conflict of interest between two major land users: shifting cultivators and foresters. Reforestation projects carried out after the ban appeared successful in increasing tree cover in former shifting cultivation areas. In conclusion this study has provided an interesting case study about how people in a remote area in Sarawak shaped their forested landscape.
INTRODUCTION
Aerial photographs chronicle land use history, demographic patterns and vegetation cover changes, and are valuable for studying pre-and post-disturbance landscape changes [1] . In Malaysia, as in many other Southeast Asian countries, the application of aerial photographs to map natural resources and land use started during the British colonial period and continued well into the 20 th century [2] [3] [4] [5] . Initially, 1:50,000 scale aerial photographs were taken by the Royal Air Force to produce 1:60,000 scale maps for the purpose of vegetation classification and land use planning by the government [6] . Later, these aerial photographs provided essential data for researchers to study ecological and social processes [7] [8] [9] .
The advancement of geographic information system (GIS) has allowed for spatial analysis of aerial photographs to understand landscape changes occurring at large spatial scales and over long periods [10] [11] [12] [13] [14] [15] [16] [17] . In Asia, Turner et al. [10] used GIS to analyze the land use/land cover changes of vegetation succession in Singapore using maps constructed from black and white 1:20,000 scale aerial photographs. In more remote Asian regions such as Borneo, however, studies on detailed long-term landscape changes using GIS analysis of aerial photographs are still few or only just beginning, although aerial photographs may have been commonly used for natural resource and land use surveys since the colonial era [6, 18, 19] . This paper therefore provides a much needed case study of land use/forest cover changes at the landscape level in the Borneo region, while highlighting several *Address correspondence to this author at the Faculty of Environmental Studies, Universiti Putra Malaysia, 43400 Serdang, Selangor, Malaysia; Tel: +603 8946 7462; Fax: +603 8946 7463; E-mail: rasidah@env.upm.edu.my tropical forest management issues. Of particular interest is the conflict arising between forestry and agriculture, where the rights of native peoples are often at stake. Also, since timber production in Sarawak started to increase in the late 1970s, peaking in the early 1990s as shown in Fig. (1) , the land use patterns will be discussed in relation to this socioeconomic perspective.
The main objective of this study is to reconstruct land use changes and forest regenerations in Sabal Forest Reserve in the Malaysian state of Sarawak, Borneo, during the period of 26 years (1972-1998) using the interpretation and analysis of aerial photographs. The objective is guided by the following questions:
1.
What are the common land use types and how extensive is each land use type?
2.
What are the main trajectories and types of land use or forest succession?
3. Do the temporal changes in land use result in greater fragmentation of the landscape?
MATERIALS AND METHODS

Location and History of Sabal
Sabal Forest Reserve (Sabal), is located between latitudes of 0º 58' -01° 04' North and longitudes of 110º 51' -110° 57' East. Although located in the relatively interior part of Sarawak, Sabal is accessible by road because it straddles the only asphalt road from the state capital of Kuching to the town of Sri Aman.
The general topography of Sabal consists of undulating and low-lying lands in the north and steeper hills in the Klingkang range in the south. The highest point is Gunung Gaharu at 820 m. above sea level (Fig. 2) . The high elevation of the Klinkang range influences the climate and hydrology of the area [20, 21] . The original vegetation in the northern part of Sabal was mostly tropical heath forest with patches of mixed dipterocarp forest that becomes increasingly dominant in the southern part towards the Klingkang Range [20] .
Sabal covers an area of approximately 7833 ha (or less than 1% of the total forest reserve area in Sarawak) and was gazetted as a forest reserve in 1927 [22] . This means Sabal is one of the permanent sources of the state's supply of timber and other forest produce, which admits limited rights or privileges for local people to utilize forest produce [22, 23] . Logging in Sabal started in the 1970s and logging licenses are given out to logging concessionaires. During logging operations, medium to large timber was routinely transported out of the area using trucks and tractors even after 1999 when heli-logging (logging using a helicopter) was introduced in the area. As a result, felled tree stumps of diameters 30 -60 cm were found in all of the logged-over forest fragments that I surveyed [24] .
The surrounding areas are mostly populated by Iban villagers, who carried out shifting cultivation within the forest reserve even after their forceful eviction in 1984 [23] . The non-nomadic Ibans are well known for conducting shifting cultivation in Borneo [25] . Although it is not known when the Ibans first started conducting shifting cultivation in Sabal, this practise intensified in the early 1970s and continued into the early 1980s [23, 24] . In 1981, the areas that were formerly used for shifting cultivation started to be planted with the exotic Australian timber species, Acacia mangium and later interplanted with the native Bornean species, Shorea macrophylla in the 1990s under the Sabal reforestation and agroforestry programmes [23, 26] . These community-based programmes were started to reduce shifting cultivation and to promote sedentary agriculture and paid employment [23] . In 1981, the afforested area covered a mere 30 ha, but by the end of 1995, approximately 2363 ha of Sabal was afforested with native and exotic timber species, of which Acacia mangium was the most commonly planted species [22, 24] .
Land Use and Forest Successional Stages Classification
I spent several months in Sabal in 1998 and 1999; first to study the general landscape and vegetation types and then to conduct extensive ground flora surveys in both tree plantations and logged-over forests. During this period, I interviewed the staff at Sabal and some Iban villagers in the surrounding area to get some historical and socio-economic perspectives that were useful to reconstruct the narrative of Sabal. The Sarawak Forest Department also provided maps of the plantation plots and Sabal boundary that I used to interpret the aerial photographs.
The classification of land use and forest successional stages was based on the forms, shapes and greyscale of the vegetation, forest canopy and land use seen in the photographs, and in combination with the information obtained from ground surveys (mentioned above). The five forest successional stage and/or land use classes being used in this study were as follows:
Clearing ("C"): 0 -25% vegetation cover. Light grey polygons having no or little ground cover. This class consists of clearings and areas that are vegetated mainly by grasses, ferns and scattered small trees of height < 2 meters. Dominant plant species included the ferns: Dicranopteris linearis and Pteridium caudatum, and the shrubs Melastoma malabathricum and Dillenia suffruticosa.
2.
Early-successional forest ("ESF"): 26 -50% vegetation cover. The polygons of this class showed up as light grey. This class is composed of earlysuccessional forest fallows after shifting cultivation. Plant species diversity in these fallows is relatively low [26] . Dominants include ferns of the same species as in class (i), sedges mainly (Scleria purpurascens) and shrubs of Melastoma malabath-75000 80000 85000 90000 95000 100000 1 9 7 0 1 9 7 1 1 9 7 2 1 9 7 3 1 9 7 4 1 9 7 5 1 9 7 6 1 9 7 7 1 9 7 8 1 9 7 9 1 9 8 0 1 9 8 1 1 9 8 2 1 9 8 3 1 9 8 4 1 9 8 5 1 9 8 6 1 9 8 7 1 9 8 8 1 9 8 9 1 9 9 0 1 9 9 1 1 9 9 2 1 9 9 3 1 9 9 4 1 9 9 5 1 9 9 6 1 9 9 7 1 9 9 8 1 9 9 9 2 0 0 0 ricum, Dillenia suffruticosa, and trees of Macaranga species, Callicarpa species and Ploiarium alternifolium with an average tree height of 5-10 meters. Tree plantations (mostly Araucaria cunninghamii and Swietenia macrophylla) with very low understory tree diversity were also included in this category.
3.
Mid-successional forest ("MSF"): 51 -75% vegetation cover. Land use polygons of this class showed up as dark grey with medium-sized gravels of canopy appearance on aerial photographs. This land use/vegetation cover class consists of midsuccessional forest fallows and tree plantations with relatively higher tree species diversity than in class (ii). In tree plantations, ferns mainly Dicranopteris linearis, Pteridium caudatum, Blechnum sp., and Stenochlaena palustris and the sedge, Scleria purpurascens, are abundant in the understory. Tree species diversity is relatively low and consists of mainly Dillenia suffruticosa, Fagraea crassipes, Macaranga spp., Alstonia angustifolia, Melastoma malabathricum and Ploiarium alternifolium as assessed in survey plots [24] . The average tree canopy height in this class is between 15-20 m.
4.
Forest ("F"): 76 -100% vegetation cover. The polygon colour is darker than that of class (iii) and canopy appearance is shown as medium-to largesized gravels on aerial photographs. The tree canopy height is > 20 m. This class is composed of large tracts of forests intermittently broken by logging roads. Ground truthing confirmed that logging in this part of Sabal was ongoing and extensive. These forests are of heath and mixed dipterocarp types. Heath forests usually have lower diversity than mixed dipterocarp forests, with approximately 86 tree species ha -1 [27] .
5.
Logged-over forest fragments ("FF") were classified as a separate class to indicate forest fragmentation. In terms of percent canopy cover, logged-over forest fragments fell under either category (iii) or (iv), depending on the amount of logging done. Tree species diversity in these fragments was quite high with more than 50 tree families found in survey plots [24] .
Aerial Photo Interpretation
The Sarawak Land and Survey Department took 1:25000 scale aerial photographs of Sabal four times over the 26 year-period: in 1972, 1976, 1982, and 1998 . These photographs were taken using a camera attached to a twinengine aircraft. Unfortunately, the areas covered by the aerial surveys were not the same for all years. In 1972, the aerial photographs showed only 40% (or 3105 ha) of Sabal, whereas in 1976, 1982 and 1998, the aerial photographs covered 75% (or 5869 ha) of Sabal. Consequently, aerial photo interpretations were carried out for the coincident areas of 1972-1998.
A mirror stereoscope was used to interpret the aerial photographs because this equipment was relatively easy to use and its stereoviewing provided a sense of depth (or height) of the two-dimensional images, which greatly assisted in my interpretation process. The interpretation involved delineating the boundaries of specific land use/forest successional stages based on the categories mentioned in "Land use and forest successional stages classification" section above. The polygons of land use/forest successional stage of the approximate size of or greater than 1 mm x 5 mm as well as visible lines representing roads that were delineated on the aerial photos were then traced onto a clear plastic sheet. These tracings were later transferred onto an enlarged topographic map (original scale 1:50000) to generate the final map to be digitized and analyzed in GIS. Normally, the transfer of images to a base map of a different scale is performed using a zoom transfer scope [14, 16, 28] . However, a zoom transfer scope was not available for this study. Nevertheless, the errors due to transfer without rectification were likely to be small because careful steps were made to ensure that clear landmarks were seen on the photographs and that only the centre of the photographs was used for tracing [10, 12] .
Spatial and Statistical Analyses
For the spatial analysis in GIS, vector layers consisting of polygons (of the land use, forest successional stage and the mapped boundary of Sabal) and lines (representing several types of roads) were digitized, georeferenced and projected to the Malaysian rectified skew orthomorphic (RSO) projection. Finally, a descriptive statistics for each map layer were calculated for the following landscape changes:
Forest fragmentation -frequency and size of land use polygons, especially forest fragments.
2.
Land use change/forest succession -size and percentage of land use transitions between two time periods (calculated from the GIS map overlay of two different years). In this analysis, an "upward" transition means a conversion from a more disturbed to a less-disturbed vegetation/forest state, whereas a "downward" transition means a conversion from a less disturbed to a more-disturbed vegetation/forest state.
RESULTS
Land Use Change and Forest Succession
The types of anthropogenic disturbance in Sabal were restricted to several types but the intensities of each one at any one time varied. In the 1972 photographs, continuous forests covered 81% of the 3105 ha study area, however, in 1998 forest cover was further reduced by 29% to cover only 52% of the study area. Forest conversion in the first ten years (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) was mostly for shifting agriculture, as indicated by the existence of land clearing and regenerating fallows of different ages. The percentages of clearing in a year were relatively small (< 3%) whereas the percentages of regenerating forests (ESF and MSF) ranged from 4% to 30% over the 10-year period, whilst mid-successional forests, which were mostly tree plantations covered a vast area in 1998 (Fig. 3d) .
Logging roads also rapidly increased in coverage and frequency during the study period. In the 1982 photographs, logging roads were seen to criss-cross the areas that were classified as large forests, thereby indicating active logging operations. Like shifting cultivation, logging seemed to spread from the main road but logging roads existed only in the southern side where the forests were located. By the 1980s, logging roads were seen to penetrate deep into the forests at high elevations as shown in Figs. (2, 3) . Between 1972 and 1982, logging roads appeared to be preceding shifting cultivation but after 1982 the expansion of logging roads was not followed by similar expansion of shifting cultivation as shown in Fig. (3) .
Forest Fragmentation
The abundance of land use/forest successional stage polygons peaked in 1982, with a total of 56 polygons coinciding with the smallest overall mean polygon size. In that year, forest fragments, clearings and mid-successional forests (MSF) were most numerous. In the same year, the mean polygon size for ESF was largest, although the number of early-successional forests (ESF) was lowest over the 26-year period. The number and the mean size of polygons for large forests (F) decreased steadily over the 26-year period. Further analysis revealed that the mean sizes for land clearings (C) and forest fragments (FF) were relatively small, whereas ESF and MSF occurred in medium-size patches ( Table 1) .
Land Use/Forest Succession Trajectories
The results for the transition analysis are shown in Table  2 . The first transition analysis (1976 to 1982) found 15 pathways of land use/forest transition, consisting of 3 "upward" transitions, 7 "downward" transitions and 4 "no" transitions. The second and third transition analyses (1976 to 1982 and 1982 to 1998, respectively) each found 17 pathways of land use/forest transition, consisting of 5 "upward" transitions, 7 "downward" transitions and 4 "no" transitions. Between 1972 and 1976, the "upward" transitions were made up of a very small area (29 ha) compared to the "downward" transitions (565 ha). In contrast, the opposite trends were found for the latter two transitions: 371 ha for "downward" transitions and 696 ha for "upward" transitions between 1976 and 1982; and an almost balanced comparison for 1982-1998 (311 ha for "downward" transitions and 338 ha for "upward" transitions). Since an "upward" transition means a conversion from a more disturbed to a less-disturbed vegetation/forest state, the later two longer interval periods (6 years and 16 years) showed some improvement or forest regeneration. In contrast, in the 1970s, more forest/vegetation disturbance and degradation was taking place than forest/vegetation improvement.
For the four-year transition period, the transitions with values of 50% were those of early-successional forest to clearing, forest to early-successional forest, mid-successional forest to mid-successional forest, forest to forest fragment and forest to forest. For the 6-year transition period, only three transitions had values of 50%, which were those of early-successional forest to clearing, early-successional forest to mid-successional forest, and forest to forest. For the 16-year transition period, the five transitions had values of 50% were those of mid-successional forest to clearing, midsuccessional forest to early-successional forest, midsuccessional forest to mid-successional forest, forest fragment to forest fragment and forest to forest. For all three transition periods, a large portion of forest still remained as forest.
DISCUSSION
Using four sets of aerial photographs and extensive ground surveys, I set out to understand how people in Sarawak changed their forested landscape through shifting cultivation, logging and some form of forest protection. Firstly, I found that working with such rich graphical data (1:25,000 scale aerial photographs of relatively good conditions) had both its advantages and disadvantages. The aerial photographs showed clearly forests, clearing, fallows, roads, power line easements and houses. Several different types of roads could be identified and mapped; the extent and abundance of logging roads could be seen cutting through the forests and these roads were ordinarily not straight but had branches that looked like root hairs, the main roads were always straighter than the other types of roads, and the roads that were constructed by shifting cultivators were usually meandering and frequently led to land clearing or villages.
However, the 1:25,000 scale aerial photos were technically inappropriate for evaluating forest species diversity or classifying forest types based on very small differences in structural and compositional characteristics. For example, although the sapling stages of tree plantations were easily distinguished from continuous forests, the later stages of tree plantations (mature trees) were not easily distinguishable from the continuous forests. This could be due to the absence or lack of undergrowth cutting in the plantations, thereby allowing secondary forests to regenerate. Also, as there was little clear and detectable boundary between forest fragments and mid-successional forests, I might have overestimated the conversion of forest fragments into mid-successional forest. Late-succession forests seen in satellite images of coarser scales also are difficult to separate into several classes as found by other researchers [29, 30] . Similarly, the boundaries between logged and unlogged forests were difficult to make out on the 1:25000 scale aerial photographs.
Some of these misclassifications could be rectified by using higher resolution panchromatic aerial photographs to distinguish different forest types or tree species. Moreover, the large tracts of forests seen in the photographs were assumed to be intact, but in actuality the presence of logging roads meant that ground-level environmental degradation was occurring in the forests [31, 32] . Therefore further GIS spatial analysis (BUFFER analysis) may provide some measure of forest degradation.
Nonetheless, one of the strengths of aerial photograph interpretation lies in its usefulness to monitor long-term landscape changes in relation to road construction, particularly forest conversion for shifting cultivation and logging. One of the well-known tropical forest degradation processes is road construction, which paves the way for further destruction and encroachment of forests [33] [34] [35] . This sequence of events in Sabal could be clearly seen in the aerial photographs, i.e. the presence of clearing on both of sides of the Kuching-Sri Aman main road, which was opened in 1962 [36] (Fig. 3) . Although this study's analysis is somewhat dated (the last available aerial photographs were taken in 1998), a quick scan of Sabal's current landscape using a satellite image from Google Earth [37] showed that the extent of logging roads was similar to the image recorded in 1998 which means logging in the forest reserve has reached its maximum capacity for some time now.
Secondly, I found that the information obtained during ground surveys including interviews were extremely useful to interpret the aerial photographs. For example, I learned through interviews that reforestation projects in former shifting cultivation sites began in the early 1980s. Later during field surveys I discovered some logged-over forest fragments were also being "reforested" through a practice of strip-clearing the forest to plant Shorea macrophylla. This might have degraded the vegetation structure and composition further, as indicated by the aerial photograph analysis, which showed some conversion of forest fragments into mid-successional forest class for the study period of 1982-1998. Thirdly, it was found that over the 26-year study period, the fragmentation of Sabal's forested landscape was Four Years (1972, 1976, 1982 and 1998) positively correlated with the frequency and intensity of land use, where the highest number of forest fragments was found to coincide with the highest level of shifting cultivation as inferred from the extent of land clearing, early-successional and mid-successional forest fallows in the 1982 photographs ( Table 1) . Shifting cultivation mostly depends on natural soil fertility and nutrient regeneration. Thus, in Sabal, the lowintensity use of land for shifting cultivation was apparent in the sizes and the numbers of forest clearing in any given year, which covered a small portion of the total area of Sabal, that is less than 3%, compared to the relatively large total area that had been under shifting cultivation, which was more than 60% of Sabal in 1982 (Table 1) .
Fourthly, the 1972, 1976 and 1982 photographs showed us that shifting cultivation was widespread in Sabal. The Forest Department evicted shifting cultivators in the forest reserve in the 1980s [23] , clearly indicating the conflict of interest between the two major land users in Sarawak at the time [4] . In this case, the foresters were clearly exerting their rights on Sabal's natural resource. A similar conflict between agriculture and forestry also took place in Peninsular Malaysia, forcing the federal government to enact a national land code that required agriculture to be conducted in zoned areas while preventing the encroachment of forest reserves [38] . So it remains to be seen how long the foresters have the upper hand in Sarawak and elsewhere in Borneo when the pressures to convert forests into oil palm plantations are now burgeoning [39] . As Sabal's primary function is for timber production, logging duly intensified in 1980s-1990s (Fig. 3) as the overall production of timber in Sarawak reached its peak ( Fig. 1) [40] to meet high demands from both within and outside of Malaysia [4, 41] . Also around this time (in the 1970s and 1980s), some researchers' argued that shifting cultivation was to be blamed for forest destruction and degradation but in recent decades others have argued that commercial logging was the worse culprit [8, 23, [42] [43] [44] . In Sabal, the eviction of Iban shifting cultivators took place in the 1980s so the action can be interpreted as being more economically than environmentally motivated.
Finally, this study has also found that vegetation regeneration was taking place in the former shifting cultivation sites. Along with the forest department's reforestation projects that aimed at restocking timber species, natural regeneration was taking place as well, especially with the existence of forest fragments that act as seed banks and suitable habitats for seed dispersers [24] . This means that a forestry management that wishes to conserve biological diversity needs to consider the ecological functions of these forest fragments and natural regenerations and take appropriate actions to protect the already degraded habitats in Sabal.
CONCLUSION
It is concluded that the combination of spatial analysis of aerial photographs and ground surveys was successful in revealing and quantifying the changes of land use and forest cover in Sabal. As mentioned, the extent and abundance of different types of roads could be clearly identified and mapped. However, the separation of certain land use types and forest successional stages were more difficult to assess from the aerial photographs. There was a strong positive relationship between the construction of a major road and the extent of land use in Sabal during the 26-year study period. The government ban on shifting cultivation and later the extensive reforestation projects appeared successful in increasing tree cover in former shifting cultivation areas. The legislation and employment opportunities brought about by the reforestation projects also worked well to prevent further conflict between the shifting cultivators and foresters, and so the forest reserve was used primarily for timber production thereafter.
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